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The factors governing the transport properties of yttrium-doped barium zirconate
(BYZ) have been explored, with the aim of attaining reproducible proton conductivity
in well-densified samples. It was found that a small initial particle size (50–100 nm)
and high-temperature sintering (1600 °C) in the presence of excess barium were
essential. By this procedure, BaZr0.8Y0.2O3− with 93% to 99% theoretical density and
total (bulk plus grain boundary) conductivity of 7.9 × 10−3 S/cm at 600 °C [as
measured by alternating current (ac) impedance spectroscopy under humidified
nitrogen] could be reliably prepared. Samples sintered in the absence of excess barium
displayed yttria-like precipitates and a bulk conductivity that was reduced by more
than 2 orders of magnitude.
I. INTRODUCTION
Doped perovskites, such as barium cerate (BaCeO3),
strontium cerate (SrCeO3), and barium zirconate
(BaZrO3), have been widely studied in recent years as
proton conducting electrolytes for a variety of electro-
chemical devices including fuel cells. Among the fuel
cell studies, the most impressive results are arguably
those of Iguchi et al.1 Using yttrium-doped barium cerate
as an electrolyte, these authors demonstrated power den-
sities of 570 mW/cm2 at 430 °C and 780 mW/cm2 at
510 °C under air/hydrogen conditions. To circumvent the
detrimental reaction of barium cerate with CO2, which
would otherwise result in the formation of BaCO3 and
CeO2, the authors protected the thin electrolyte by de-
positing it onto a dense layer of palladium foil, a well-
known hydrogen separation material. In contrast to
barium cerate, barium zirconate, which exhibits proton
conduction by a similar mechanism,2 is known to be
stable in CO2-containing atmospheres.3 Thus, fuel cells
based on this electrolyte would not require elaborate so-
lutions for ensuring cell longevity. However, the conduc-
tivity of doped barium zirconate as reported from 12
independent groups (Table I4–15) varies widely, from a
low of ∼1 × 10−6 to a high of 1 × 10−2 S/cm at 600 °C,
introducing major challenges for its implementation in
any real device and raising fundamental questions re-
garding the proton transport mechanism.
The earliest studies of doped barium zirconate, which
appeared in the early 1990s, suggested that this material
exhibits poor proton conductivity compared with doped
barium cerate. Although their reported values differ by 2
orders of magnitude, Iwahara et al.,4 Manthiram et al.,5
and Slade et al.6 all agreed that the conductivity of the
zirconate is no more than 1.2 × 10−4 S/cm at 600 °C. The
understanding of the properties of barium zirconate was
revised substantially in 1999. In that year Kreuer2 re-
ported the conductivity of yttrium-doped barium zir-
conate (BYZ) to be ∼5 × 10−5 S/cm at just 140 °C, and
this was quickly confirmed by Bohn and Schober in
2000.7 In a later paper, Kreuer noted the poor reproduc-
ibility of conductivity measurements of barium zir-
conate11 and argued that this is connected to the diffi-
culty in fabricating polycrystalline compacts of the ma-
terial. In the present study, we explore the sample
preparation steps that are responsible for this poor repro-
ducibility and report a methodology for consistently ob-
taining high-density, high-conductivity barium zirconate
with transport properties comparable to the best values
reported in the literature.
II. EXPERIMENTAL PROCEDURE
The specific composition selected in this study was
BaZr0.8Y0.2O3−x (BYZ20). To obtain reproducible
sintering behavior and electrical properties, a wide range
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of processing conditions were examined. Ultimately, it
was found that both solid-state and chemical synthesis
were suitable as long as the crystallite size of the loose
powder was reduced to the 50 to 100 nm range prior to
densification. Samples prepared from powders obtained
by a glycine–nitrate combustion synthesis process16 are
described here. Starting materials were high-purity
Ba(NO3)2 (Alfa Aesar, Ward Hill, MA, 99.95% purity),
Y(NO3)3·6H2O (Alfa Aesar 99.9% purity), and
ZrO(NO3)2·xH2O (Alfa Aesar 99.9% purity, where x 
2.3 was determined by thermogravimetric analysis). The
appropriate molar ratios of nitrates and glycine
(NH2CH2COOH) were mixed in a minimum volume of
deionized water to obtain a transparent solution. A gly-
cine-to-nitrate ratio of 1 to 2 was used. The aqueous
solution was dehydrated on a hot plate at a temperature of
150 °C, generating a viscous liquid. Upon complete
evaporation of the water, the viscous liquid autoignited to
produce the desired powders. After autoignition, pow-
ders were calcined at 1250 °C for 5 h to yield well-
crystallized BYZ20, which were subsequently attritor
milled at 500 rpm for 5 h to produce uniform particles
with an approximate size of 20 to 100 nm, as determined
by scanning electron microscopy (SEM) (figure not
shown here).
The fine powders so prepared were mixed, using an
agate mortar, with a binder solution consisting of 200 ml
of water, 2 g of polyvinyl alcohol (PVA), 1 ml of glyc-
erin, and 10 ml of ethanol. The ratio of binder solution to
oxide powder was approximately 1 to 7 by mass. The
granulated power was then passed through a 100-mesh
sieve to remove agglomerates larger than ∼150 m.
Green pellets were obtained by uniaxial pressing under a
pressure of 400 MPa for 1 min. On firing, the binder
was removed by holding the pellets at 600 °C (ramp of
1 °C/min) under ambient air for a period of 30 min. In the
final sintering step, samples were surrounded by a pow-
der mixture of BYZ and small amount of BaCO3 (about
10 wt%), as shown in Fig. 1. Sintering was carried out
under flowing oxygen at 1600 °C (ramp of 5 °C/min to
1000 °C, followed by a ramp of 1 °C/min) for a period of
4 to 24 h. To probe the effect of sintering procedure on
conductivity, samples not enclosed in excess barium
were also prepared. The two types of samples are here-
after referred to as “covered” and “uncovered,” respec-
tively.
The resulting materials were characterized by a broad
FIG. 1. Sintering configuration: BYZ20 green pellet covered with a
powder mixture of BYZ20 and BaCO3 (about 10 mass%).
TABLE I. Conductivity of doped BaZrO3 as reported in the literature (conductivity of barium cerate also provided for comparison).
Composition Sintering conditions Conductivity (bulk or total)a Conductivity measurement conditions Ref.
BaZr0.95In0.05O3−x 1500–1650 °C for 10 h in air 1.2 × 10−4 S/cm (total) at 600 °C H2 (wet) 4
BaZr0.9In0.1O3−x 1350 °C for 40 h 5.0 × 10−5 S/cm (bulk) at 600 °C Wet N2 5
BaZr0.9Y0.1O3−x 1400 °C for 10 h in air 1.3 × 10−6 S/cm (bulk) at 605 °C Wet N2 (room temperature water) 6
BaZr0.9Y0.1O3–x 1715 °C for 30 h in air 3.0 × 10−3 S/cm (bulk) at 600 °C Wet air 7
BaZr0.9Y0.1O3–x 1800 °C for 5 h in air 1.1 × 10−3 S/cm (total) at 600 °C Wet H2 (pH2O 0.017 atm) 8
BaZr0.93Y0.07O3−x 1700 °C for 1 h 5 × 10−4 S/cm (total) at 600 °C Wet air (room temperature water) 9
BaZr0.95Y0.05O3−x 1350–1400 °C for 20–40 h in air 1.8 × 10−6 S/cm (bulk) at 605 °C Wet N2 (pH2O 0.031 atm) 10
BaZr0.85Y0.15O3−x 1700 °C for 20 h 1.6 × 10−3 S/cm (total) at 600 °C Wet N2 (pH2O 0.023 atm) 11
Ba1.1Zr0.9Y0.1O3−x (10%
excess BaO before
sintering) 1500 °C for 24 h 9 × 10−4 S/cm (total) at 500 °C Wet air 12
BaZr0.93Y0.07O3−x 1650 °C for 10 h in air 3.8 × 10−3 S/cm (total) at 600 °C Wet N2 (pH2O 0.025 atm) 13
4.2 × 10−3 S/cm (total) at 600 °C Wet air (pH2O 0.025 atm)
BaZr0.9Y0.1O3−x 1400 °C 2.8 × 10−4 S/cm (bulk) at 600 °C Wet Ar–5%H2, (pH2O 0.03 atm) 14
BaZr0.95Y0.05O3−x 1800 °C for 20 h in air 1.0 × 10−2 S/cm at 600 °C Wet Ar + O2 (pH2O 0.023 atm) 15
BaCe0.9Y0.1O3−x 1700 °C for 10 h in air 1.1 × 10−2 (total) at 600 °C Wet H2 (pH2O 0.017 atm) 8
aBulk conductivity refers to conduction through the grain interior portions of the sample only, whereas total refers to conduction through both the grain
interiors and the grain boundaries.
Note: All data collected using Pt electrodes with the exception of Mintharam et al. (Ref. 5), in which Ag electrodes were utilized. Iguchi et al.15 did not
report the electrode material.
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range of techniques. The density of the sintered disks was
measured by the Archimedes method using deionized
water. The microstructures of sintered pellets were ob-
served with a LEO 1550VP field emission scanning elec-
tron microscope (10 kV excitation voltage; Carl Zeiss,
Oberkochen, Germany). X-ray diffraction (XRD) patterns
were collected from the BYZ powder and the polished
surfaces of sintered pellets using a Philips X’Pert PRO
diffractometer (Cu K radiation; Eindhoven, The Neth-
erlands). Intensities were obtained in the 2 range be-
tween 20° and 80° with an effective step size of 0.02°
(due to the wide-angle data collection of the detector) and
a measuring time of 8 s at each step. Patterns collected
from densified pellets were then corrected for displace-
ment errors. In addition to phase analysis, x-ray patterns
were also utilized to determine cell parameters by Ri-
etveld refinement as implemented in the X’Pert Plus soft-
ware. Quantitative elemental microanalyses were con-
ducted with a JEOL 8200 electron microprobe (Tokyo,
Japan) operated at 15 kV and 25 nA in a 10 m beam
mode. Quantitative measurements of the average chemi-
cal composition were obtained in the covered and uncov-
ered sintered pellets. In this analysis, BYZ20 covered
(sintered for 24 h) was used as the standard against which
the uncovered samples were compared. Characteristic x-
ray emission intensities were converted to chemical
weight percents using the program CITZAF.17
The conductivity of sintered pellets was measured by
impedance spectroscopy over the frequency range 102 to
106 Hz using a 4284A LCR meter (Agilent, Santa Clara,
CA) with an applied alternating current (ac) voltage am-
plitude of 50 mV. Unless stated otherwise, reported data
are those obtained from BYZ20 sintered for 24 h. Silver
electrodes were applied onto the surfaces of polished
samples by brush painting colloidal silver paint (No.
16032, Ted Pella, Inc., Redding, CA). A preliminary ex-
amination of Pt as an electrode material was also carried
out, and the results are briefly presented here. Water was
incorporated into the samples by exposure to water-
saturated nitrogen (pH2O 0.031 atm) at 300 °C for 8 h
The dimensions of the pellets were 0.65 to 0.73 mm in
thickness and 0.69 to 0.71 cm2 in area. Data were col-
lected under H2O-saturated nitrogen (pH2O 0.031 atm)
over the temperature range of 75 to 600 °C in 25 °C
intervals with an equilibration time of 30 min before each
measurement. The resulting impedance spectra were ana-
lyzed in terms of an equivalent circuit model using the
software package Zview (Scribner Associates Inc.,
Southern Pines, NC) and an appropriate configuration of
resistance (R), and constant phase (Q) elements with re-
spective impedances ZR  R and ZQ  (Y( j)n)−1,18
where j  √−1,   frequency, Y and n are constants,
and n ranges between 0 and 1.
We note that while most researchers take doped
barium zirconate to be a single-phase, cubic material
(comparable to the undoped composition), Kreuer et al.
have reported that at the intermediate Y content used here
barium zirconate adopts a tetragonal structure, reverting
to a cubic phase a high (25%) Y doping.19 In contrast,
Yamaguchi et al. have reported that, in the range of 8%
to 40% yttrium, doped barium zirconate phase sintered at
1600 °C separates into two perovskite phases with dif-
fering dopant concentrations.20 No attempt has been
made here to address such structural questions. Should
phase separation or anisotropy occur, the reported results
reflect the average properties.
III. RESULTS AND DISCUSSION
A. Densification, phase formation,
and stoichiometry
The relative density of (covered) sintered pellets of
BYZ prepared by the careful procedures outlined above
rose from 93% to 99% (with respect to the density of
undoped barium zirconate, 6.21 g/cm3) with increasing
sintering time (Fig. 2). A scanning electron micrograph
(Fig. 3) of a fracture surface in the 24 h covered sample
confirms the high density. The average grain size is ap-
proximately 0.46 m, with a wide distribution of grain
sizes (0.2–1 m). This small grain size is consistent with
the observation that BYZ is highly refractory with low
rates of grain growth under typical sintering conditions.21
The step of covering the samples had little effect on
density, but tended to yield materials with slightly
smaller grain sizes.
A comparison of the XRD patterns of covered and
uncovered BYZ20 pellets is presented in Fig. 4. The data
reveal quite clearly that even after just a few hours of
exposure to 1600 °C, the uncovered pellets show a de-
crease in perovskite cell constant and display the pres-
ence of an impurity phase with a high intensity peak at
29.2° 2. This phase, also observed by Magrez and
FIG. 2. Density of BaZr0.8Y0.2O3− as a function of sintering time,
sintered at 1600 °C under flowing O2.
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Schober in their study of the high-temperature structural
characteristics of Ba0.99Zr0.8Y0.2O3−,22 corresponds to a
“yttria-like” material23 with space group Ia3¯ and lattice
constant approximately 10.59 Å. It is to be emphasized
that these precipitates occur throughout the bulk of the
pellets; the highly disintegrated surface layer (50–100
m) was removed by polishing prior to the collection of
the diffraction data. It may be that such precipitates pin
grain boundaries and are responsible for the slightly
smaller grain sizes in the uncovered sample. The de-
crease in cell constant on prolonged exposure to high
temperatures may be attributed to the transfer of the do-
pant from the B to A site in the ABO3 perovskite as A
sites become vacant due to barium loss. Such behavior is
now well documented in barium-deficient, rare-earth-
doped barium cerate.24–26 Alternatively, the behavior
may result from a reduction of the dopant content in the
perovskite with yttria being expelled from the structure
to maintain an A-to-B stoichiometric ratio of 1 to 1. In
contrast to the uncovered samples, after even 24 h of
exposure to this same temperature BYZ20 covered with
excess powder of the same composition is free of yttria
precipitates.
The chemical analysis (Table II) directly shows the
uncovered samples to be barium deficient relative to
those that were covered during sintering. The molar ratio
Ba/(Zr + Y) falls from 0.97 for the uncovered sample
sintered for 4 h to 0.95 for the sample sintered for 16 h,
in agreement with the observation of an increasing
TABLE II. Summary of chemical analysis of sintered BYZ20 with excess Ba (covered) and without excess Ba (uncovered).
Sample no. Ba, mol/f.u. Y, mol/f.u. Zr, mol/f.u. Ba/(Zr + Y)
S1 1.023944 0.175893 0.806109
S2 1.001058 0.183145 0.812113
S3 1.002477 0.192313 0.804527
S4 1.012282 0.182078 0.807301
S5 0.985867 0.208789 0.800475
24 h covered, average 1.005 ± 0.01 0.188 ± 0.01 0.806 ± 0.004 1.010
S6 0.975289 0.195194 0.815961
S7 0.981355 0.189261 0.817377
S8 0.987645 0.187537 0.815525
S9 0.964130 0.191762 0.824114
S10 0.983761 0.187945 0.817161
4 h uncovered, average 0.978 ± 0.008 0.190 ± 0.003 0.818 ± 0.003 0.970
S11 0.974144 0.195688 0.816163
S12 0.96377 0.184314 0.829879
S13 0.959533 0.198868 0.821083
S14 0.96602 0.191051 0.823702
S15 0.965264 0.186103 0.827791
16 h uncovered, average 0.966 ± 0.005 0.191 ± 0.006 0.824 ± 0.005 0.952
Note: Data normalized and reported as moles of cation per formula unit (f.u.). Sample number indicates different positions on the three samples examined.
The covered sample.
FIG. 3. Scanning electron micrograph of fracture surface of BYZ20
sintered for 24 h at 1600 °C.
FIG. 4. XRD patterns of BYZ20 pellets sintered at 1600 °C under the
conditions indicated. Number associated with each diffraction pattern
is the perovskite unit cell parameter (see text for details).
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intensity for the yttria diffraction peak with increasing
sintering time for uncovered samples. We note that even
the covered samples showed measurable barium defi-
ciency; however, we focus here on the relative chemical
differences between the covered and uncovered samples
rather than their absolute chemistries.
Overall, the results provide clear evidence that under
typical sintering conditions, BaZr1−xYxO3− samples de-
compose to form yttria and volatile barium oxide. The
absence of yttria precipitates from covered samples in-
dicates that the volatilization of barium oxide can be
kinetically suppressed. A related synthesis procedure has
been proposed by Snijkers et al.,12 who showed that di-
rect addition of excess barium carbonate within the bulk
of pressed pellets has a similar effect of suppressing yt-
tria precipitation during the sintering of uncovered
samples.
B. Conductivity of BYZ by impedance
spectroscopy
Representative alternating current (ac) impedance
spectra of BYZ20 obtained under N2–0.03 atm H2O are
shown in the Nyquist representation (−Zimag versus Zreal)
in Fig. 5. Only at the lowest temperatures (<150 °C) do
the spectra display clear evidence of a high-frequency arc
(arc 1) that extends to the origin. This arc, which yields
a relative dielectric constant of 46, is attributed to the
bulk behavior of BYZ20. As the temperature is in-
creased, because the characteristic frequency, o, of the
bulk processes increases exponentially (o  1/RC,
where R is resistance and C is capacitance), the bulk arc
becomes inaccessible, and even at just 123 °C the spectra
are dominated by a lower-frequency process (a very typi-
cal result). This midfrequency arc (arc 2) is attributed to
grain-boundary processes. The “equivalent” relative di-
electric constant (that is, one in which the grain-boundary
dimensions are not accounted for) implied by this arc is
of the order of 6500. This value is consistent with grain-
boundary properties, as discussed further below. At the
very lowest frequencies, evidence for an even slower
process appears in the 222 °C spectrum (arc 3), which is
attributed to the electrode.
As the temperature is further increased, the electrode
processes begin to dominate the overall response. By
∼370 °C, it is almost impossible to distinguish between
bulk and grain-boundary contributions to the electrolyte
resistance, and furthermore the electrode processes dis-
play evidence of a complex electrochemical reaction
pathway, characterized by two or possibly more charac-
teristic time scales. At temperatures greater than about
FIG. 5. Nyquist impedance spectra obtained from BYZ20 with Ag electrodes under humidified nitrogen (pH2O  0.03 atm) at the noted
temperature (a) 123 °C, (b) 222 °C, (c) 269 °C, and (d) 465 to 600 °C. In (d) data are offset along the imaginary axis in increments of 0.3 Kcm
for clarity.
P. Babilo et al.: Processing of yttrium-doped barium zirconate for high proton conductivity
J. Mater. Res., Vol. 22, No. 5, May 20071326
450 °C, no direct information can be obtained regarding
the electrolyte properties. The spectra reflect entirely
the electrode processes, and only the displacement of
the spectra from the real axis provides any measure of
the electrolyte resistance. In the absence of lower-
temperature data, misinterpretation of the type of spectra
shown in Fig. 5(d) could easily occur. For example, the
lower-frequency feature of the electrode response could
incorrectly be attributed to the grain-boundary response,
and the electrolyte resistance overestimated by a factor of
up to 3 at high temperatures. Thus, possible misidentifi-
cation of the features of the impedance spectra may con-
tribute to the discrepancies in the literature regarding the
properties of doped barium zirconate.
Selected results of the examination of Pt as an alter-
native electrode material are shown in Fig. 6. Here,
comparison is made between impedance spectra col-
lected using Ag, those collected using Pt (fritless Pt
paste, Heraeous Inc., Hanau, Germany; fired at 1100 °C),
and those collected using fritless Pt and an additional Ag
layer. Although the spectra were comparable at lower
temperatures (data not shown), they are not at the high
temperatures at which the electrode processes dominate
the impedance response. The Pt-based electrodes give
rise to additional electrode resistance effects which,
again, can be easily misinterpreted as originating from
the electrolyte. The undesirable electrode properties of Pt
may also play a role in the large discrepancies in the
reported conductivity values for barium zirconate (Table 1).
From the complete fitting of the impedance data (Fig.
5), it was possible (depending on the temperature of
the measurement) to obtain the resistance, constant phase
element parameters, and capacitance, given by C 
Y1/nR(1/n−1), where R, Y, and n are as described previ-
ously, for both the bulk and grain-boundary regions
of the material. If one assumes that the true dielectric
constant of the grain boundaries and the bulk are
comparable, then the ratio of the apparent capacitances,
Cgb/Cbulk, is simply equal to the ratio of the grain
diameter, D, to the grain-boundary thickness, .27 The
temperature-averaged value of this ratio was found to be
∼140, and if one takes the grain-boundary thickness to be
of the order of 2.5 nm (as has been observed in Gd-doped
barium cerate27), the implied grain size is of the order
of 0.35 m. This value agrees well with the observed
0.46 m average grain size in the scanning electron
microscopy (SEM) image and confirms the assignment
of the midfrequency arc in the impedance spectra to
grain-boundary processes.
The respective conductivities were deduced from the
resistance terms obtained from the impedance data by
accounting for the sample geometry according to Eq. (1):
 =
1
R
L
A , (1)
where L is the sample thickness and A is its cross-
sectional area. The grain-boundary conductivity obtained
from this simple calculation is a measure of both the
grain-boundary geometry (i.e., sample microstructure)
and the inherent properties of the grain boundaries. The
specific grain-boundary conductivity (independent of mi-
crostructure), sp.gb, was determined, again, under the
assumption that the true dielectric constants of the bulk
and grain-boundary regions are equal, using the approxi-
mation27:
sp.gb =
L
ACbulkCgb  1Rgb , (2)
and the temperature-averaged (single) value of the ratio
Cbulk/Cgb.
FIG. 6. Nyquist impedance spectra obtained from BYZ20 under hu-
midified nitrogen (pH2O 0.03 atm) using the electrodes indicated, at(a) 500 °C and (b) 600 °C.
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The conductivity of BYZ20 derived from the imped-
ance measurements is shown in Fig. 7. Here, the bulk
conductivity, the specific grain-boundary conductivity,
and the total conductivity [the only quantity that could be
measured at high temperatures as evidenced by the form
of the impedance spectra in Fig. 5(d)] are all presented.
The bulk conductivity obtained for BaZr0.8Y0.2O3−x in
this study is comparable to that reported by Bohn and
Schober for BaZr0.9Y0.1O3−x,7 as is the value of the ac-
tivation energy, supporting our assignment of the high-
frequency arc (arc 1) in Fig. 5(a) to bulk processes. Spe-
cifically, Bohn and Schober reported an activation
energy for bulk conduction under wet argon of 0.44 ±
0.01 eV, as compared to the present values of 0.45 ± 0.01
eV. The present results also confirm that the bulk con-
ductivity of BYZ20 is, in fact, higher at temperatures
lower than 350 °C, than that of typical doped barium
cerates, with a correspondingly lower activation energy
for proton migration.
As revealed by comparison of Figs. 7(a) and 7(b), the
specific grain-boundary conductivity of BYZ20 is much
lower than that of the bulk. Simultaneously, the activa-
tion energy for proton transport across grain boundaries,
0.71 ± 0.02 eV, is higher. The grain-boundary behavior
of BYZ20 is again similar to that reported by Bohn and
Schober for BYZ10, who observed activation energy of
∼0.7 eV for proton conduction through the grain-
boundary regions of their material. This similarity again
supports the identification of the midfrequency arc with
grain-boundary transport. High grain-boundary resis-
tance to ion transport is typical of ionic conductors28 and
has also been reported for the related material barium
cerate.27 Given that the bulk conductivity of barium zir-
conate is higher than that of barium cerate, it is somewhat
surprising that specific grain-boundary resistivity of the
zirconate is higher than that of the cerate. Particularly
significant for barium zirconate is that the highly refrac-
tory properties led to very small grains and consequently
a much higher grain-boundary density. As a result, the
total conductivity of barium zirconate, that which is the
relevant quantity for applications, is much lower than
what would be expected simply on the basis of the bulk-
transport properties [Fig. 7(c)] especially at temperatures
of 500 °C and lower.
The comparison of the properties of BYZ20 that was
covered during sintering with that of BYZ20 that was
FIG. 7. Conductivity of BYZ20 under humidified nitrogen (pH2O  0.03 atm): (a) bulk (grain interior) conductivity compared to that of
BaZr0.9Y0.1O3 (BYZ10)7 and BaCe0.85Gd0.15O327; (b) specific grain-boundary conductivity (normalized for grain size differences) as compared
to that of BaZr0.85Y0.15O3–(ZnO)0.04 (BYZ14–Zn4)21 and BaCe0.85Gd0.15O327; (c) comparison between grain interior, grain boundary, and total
conductivity of BYZ20; and (d) bulk (grain interior) conductivity of BYZ20 sintered for the time periods indicated, where “c” indicates that the
sample was covered with excess barium during the sintering step and “uc” that it was not.
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not covered [Fig. 7(d)] shows quite dramatically the im-
pact of slight losses of barium from the sample during
high-temperature processing. The conductivity of the un-
covered pellet has a grain interior conductivity at 100 °C
that is almost 3 orders of magnitude lower than that of the
covered pellets. In contrast, three different pellets sin-
tered for differing time periods (4, 16, and 24 h) exhibit
highly reproducible bulk conductivity, despite even
slight differences in density (Fig. 2). A discussion of the
grain-boundary properties of these samples is presented
elsewhere.29
The detrimental impact of barium deficiency on the
conductivity of doped barium cerate has been well docu-
mented24,25 and explained in terms of the occupation
of the trivalent dopant on the A rather than the B site.
These effects, which occur in single-phase materials, are
responsible for variations in bulk conductivity by a fac-
tor of 2 to 3.24 Here it is apparent that the extent of
barium oxide sublimation is far more substantial, induc-
ing yttria precipitation within the bulk of the material
(Fig. 4) and causing a reduction in conductivity that is
2 orders of magnitude greater than that observed in the
cerate. Furthermore, even in barium cerate samples in
which barium deficiency is comparable to that observed
here for barium zirconate (i.e., similarly induces phase
precipitation in the bulk), the decrease in conductivity
remains only about a factor of 3 to 4,24,27 indicating that
not only is barium zirconate more susceptible to barium
loss because of the required high-temperature processing,
the impact is also more significant. While the reasons
for such a dramatic influence of barium loss on conduc-
tivity remain to be elucidated, it is clear that processing
differences must contribute substantially to the sig-
nificant discrepancy in the reported properties of barium
zirconate (Table I). In the present study it was generally
observed that the precise placement of uncovered
samples relative to one another strongly affected the
conductivity, and, while the results presented in Fig. 7(d)
for an uncovered sample are representative, by defini-
tion, properties under ill-defined conditions are indeter-
minate.
At high temperatures, because of the higher activa-
tion energy of grain-boundary conductivity over conduc-
tivity through the bulk, the total conductivity of BYZ20,
that which is relevant for applications, becomes domi-
nated by the bulk-transport properties. Thus, despite the
high resistivity of the grain boundaries, the total conduc-
tivity at 600 °C was found to be 7.9 × 10−3 S/cm. Such a
value compares favorably to the conductivity of YSZ at
this same temperature, 3.2 × 10−3 S/cm.30 Furthermore,
referring to Table I, it is comparable to the highest re-
ported value for doped barium zirconate and reflects the
high conductivity that results when due care is directed
toward minimizing barium deficiency in the final mate-
rial.
IV. SUMMARY AND CONCLUSIONS
The findings of this study are summarized as follows:
(1) High-density, high-conductivity BYZ can be re-
producibly obtained under the processing conditions de-
scribed. Specifically, the particle size of the starting pow-
der must be less than 100 nm, the green body must be
prepared using a binder so as to achieve high green den-
sity, and sintering must be carried out under excess
barium so as to avoid barium loss. Sintering under oxy-
gen also appears important, but this point requires further
investigation.
(2) The total conductivity of BaZr0.8Y0.2O3−x at 600 °C
under humidified nitrogen with pH2O  0.031 atm is
7.9 × 10−3 S/cm, where total refers to resistance contri-
butions of both the bulk (grain interior) and grain-
boundary regions of the material.
(3) In the absence of excess barium, the high-
temperature sintering conditions required to achieve
good densification of barium zirconate induce measur-
able changes in stoichiometry and dramatic reductions in
proton conductivity. Specifically, barium deficiency was
shown to lower the conductivity by 2 orders of magni-
tude, and it is believed that stoichiometric differences
induced by severe processing conditions are the major
contributor to the wide variation in literature data for the
conductivity of BYZ. Indeed, the recent observation of
Iguchi et al.15 that prolonged sintering at 1800 °C lowers
the conductivity of BaZr0.95y0.05O3−x by three orders of
magnitude may also be attributable to barium loss.
State-of-the-art solid oxide fuel cells (SOFCs) deliver
tremendous power densities, as much as ∼2 W/cm2, but
they require operation at high temperatures (typically
above 800 °C for SOFCs using yttria-stabilized zirconia
as the electrolyte31). A key motivation for pursuing pro-
ton conducting perovskites is the possibility of lowering
the fuel cell operating temperature to the 500 to 700 °C
range to alleviate many of the material’s lifetime and
cyclability challenges that result from very-high-
temperature operation. However, to compete with the 2
W/cm2 of power output possible from conventional
SOFCs, improvements in both the conductivity of BYZ
and the electrocatalysis rates at its electrodes are re-
quired. While attaining these improvements, via for ex-
ample optimizing the doping, enhancing grain growth,
and exploring alternative electrocatalysts, will undoubt-
edly require substantial efforts, development of the pro-
cedures for obtaining reproducible transport properties
reported here constitutes a critical first step toward
implementation of barium zirconate in commercially vi-
able devices.
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